Objective: The purpose of this study was to understand the complexities of Candida albicans biofilm formation and to evaluate the effectiveness of most used antimicrobial agents. Materials and Methods: About 24 acrylic resin specimens (2 mm thickness, 10 mm diameter) were prepared. The contact angle and surface roughness of all specimens were measured. C. albicans ATCC10231 was incubated in Sabouraud dextrose agar (SDA) at 37°C for 24 h. Subsequently, SDA was incubated at 37°C for 48 h. Specimens were immersed to 1% and 2% sodium hypochlorite and phosphate-buffered saline for 10 min and 4% chlorhexidine gluconate for 5 min. The efficiency of chemical disinfectants in removing C. albicans biofilm was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide assay test. After application of chemical disinfectant, acrylic resin specimens were examined using scanning electron microscopy (SEM). The evaluation of the efficiency of chemical disinfectant was analyzed with one-way ANOVA and post-hoc Tukey test. Results: The highest and lowest efficiency to remove C. albicans biofilm was identified for 1% sodium hypochlorite and 4% chlorhexidine gluconate. The efficiency of 1% and 2% sodium hypochlorite solution to remove biofilm showed no statistical difference. SEM analysis indicated that after the application of 1% and 2% sodium hypochlorite no fungal cells were observed, and application of 4% chlorhexidine gluconate revealed a few remaining blastospores and hyphal cells attached to the resin surfaces. Conclusions: Disinfection with 1% and 2% sodium hypochlorite solutions revealed the most impressive results to reduce the C. albicans biofilm formation than 4% chlorhexidine gluconate solution.
INTRODUCTION
Candida albicans is a dimorphic fungus that can be either commensal or an opportunistic pathogen in the oral cavity with the ability to cause a variety of infections. [1] Candida spp. infections may occur at virtually every site of the body; colonization may occur not only on mucosal surfaces but also on biomaterials in the oral cavity. Therefore, wearing complete and/or partial removable dentures are a risk factor because they may act as a reservoir and promote Candida colonization and Candida biofilms, leading to oral candidiasis. [2] Denture stomatitis is a prevalent form of oral candidiasis. [3] The adherence of C. albicans to dentures is the first step in colonization and is closely followed by proliferation and biofilm formation, [4] which is an important factor in the pathogenesis of denture stomatitis. [5] Biofilms consist of matrix-enclosed microcolonies of yeast, hyphae, and pseudohyphae arranged in a complex structure. [6] Candida biofilms may be markedly resistant to antimicrobial agents and to host immune defenses. [7] The resistance of Candida biofilms to antifungals was first described by Hawser and Douglas; [8] it has since been reported by many researchers. [9, 10] In general, mechanical denture cleansing is an effective measure for routine biofilm control; [11] however, some denture wearers, especially geriatric patients and those with limited motor capacity, have difficulty keeping their dentures clean. [11] Chemical cleansing with immersion in denture cleansers is mandatory for reducing microbial biofilm accumulation on removable and complete prostheses for these patients. [12] [13] [14] [15] Various concentrations of sodium hypochlorite have been used as denture cleaning agents, and they have been found to be effective in reducing adherent C. albicans both in vitro and in vivo. [11, 13] Hypochlorite denture cleaners are fungicidal and are known to be effective by dissolving mucin and other organic substances. [16] On the other hand, chlorhexidine gluconate is a widely prescribed antiseptic agent in dentistry due to its broad-spectrum antimicrobial activity including against C. albicans. [17] In addition to its antimicrobial activity, chlorhexidine gluconate is well-known for its excellent biocompatibility. [18] This substance adheres to the cell wall of Gram-positive and Gram-negative bacteria, causing selective protein precipitation from the cell wall, cytoplasm coagulation, and the breakdown of intracellular components. [19] This mechanism allows chlorhexidine gluconate to act as a bacteriostatic agent at low concentrations and as a bactericidal agent at high concentrations. [20] In this study, we examined the complexities of C. albicans biofilm formation and evaluated the effectiveness of commonly used antimicrobial agents against C. albicans biofilms on denture acrylic resins.
MATERIALS AND METHODS

Specimen preparation
Wax patterns of the specimens were prepared from a stainless steel mold 10 mm in diameter and 2 mm thick. They were then flasked, and the wax patterns were eliminated according to standard procedures. [21] After the plaster surfaces had been painted with a separating medium, the denture base resin (Acron Duo, Surton, Swindon, UK) was mixed according to the manufacturer's instructions and then packed into the molds. The resin was processed at 65°C for 60 min, followed by treatment at 100°C for 30 min. It was then permitted to cool at room temperature for 8 h. To ensure the clinical relevance of the surface texture of the dentures, roughened acrylic resin specimens were obtained. Specimens were trimmed using a metal burr and abraded manually with emery paper (grit: 400). Next, a total of 24 acrylic resin specimens (n = 6) were stored at 37°C for 24 h in sterile distilled water to remove any residual monomers.
Surface roughness measurement
The surface roughness of each polymethyl methacrylate disc was measured with a profilometer (Perthometer M2; Mahr GmbH, Göttingen, Germany). The stylus of the profilometer passed across the specimen surface in a line, and the arithmetical average surface roughness (Ra) was calculated in microns. Two passes of the stylus were made on different areas of the resin surface, and the mean of the two readings was used in our data analysis. The test conditions were as follows: Cut-off length = 0.8 mm; stylus speed = 0.25 mm/s; radius of the diamond stylus tip = 5 µm. All measurements were recorded by the same investigator. The surface roughness values for the acrylic resin pre-specimens were between 1 µm and 1.4 µm.
Before microbiologic assessment, the acrylic specimens were sterilized in an autoclave for 18 min under 1.2 bar at 121°C (Charisma vacuum TD; Mediline Italia, Cavriago, Italy).
Yeast preparation
C. albicans strain ATCC 10231 was incubated on Sabouraud dextrose agar (SDA; Merck Darmstadt, Germany) at 37°C for 48 h. Standard amounts of the culture were inoculated into 2 ml of liquid SDA and incubated at 37°C for 24 h. The culture was then centrifuged (IKA KS 4000i control; IKAWerke GmbH, Staufen, Germany). The resultant cell pellets were washed twice with phosphate-buffered saline (PBS). After dilution with this solution, a final yeast suspension was prepared at a concentration of 1 × 10 6 cells/ml.
Next, 2 ml of the standardized C. albicans cell suspension was added to each well-containing a specimen. The adhesion period was completed, keeping the cells in this suspension at 37°C for 90 min. After that, the specimens were gently washed twice with 2 ml of PBS to remove nonadherent cells. 
Biofilm formation
The specimens were placed in 24 well-plates. For the biofilm phase, 800 µl of Sabouraud dextrose broth was added to each well. Next, 2 ml of the standardized C. albicans ATCC10231 cell suspension was transferred to each well-containing a specimen. The plates were incubated at 37°C for 48 h in an orbital shaker and then washed gently twice with 2 ml of PBS to remove nonadherent cells.
Experimental protocol
Contaminated specimens were randomly assigned to one of the following experimental cleansing agents: 1% or 2% sodium hypochlorite (Aklar Kimya, Ankara, Turkey), 4% chlorhexidine gluconate (Marmara Ecza, Istanbul, Turkey), or PBS (control). The specimens were exposed to the cleansing agents (2 ml of each agent) as follows: 10 min for 1% sodium hypochlorite, 2% sodium hypochlorite, and PBS; 5 min for 4% chlorhexidine gluconate.
The specimens were kept in the cleansing solutions at 37°C as described above and then washed with PBS.
Biofilm bioactivity
Quantification of the antifungal activity of the chemical solutions was achieved by colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assays. In the MTT assay, cellular metabolic activity is assessed by monitoring a soluble yellow tetrazolium salt, which is converted to a soluble purple crystal by metabolically active cells. In total, 20 µl of MTT reagent was added to each well and incubated at 37°C for 4 h in the dark. Next, 200 µl of (contained in the MTT assay) solubilization solution was added to each well. After 15 min, colorimetric changes in the supernatant were detected at 550 nm using an ER 2005 ELISA reader (Eqiupar, Saronno, Italy).
Scanning electron microscope (SEM) analysis
To examine the effect of the denture cleaners on C. albicans biofilm formation on poly (methyl methacrylate) resin surfaces, one representative specimen was selected for each experimental group. SEM observations were made with a QUANTA 400 F (Fei, Kassel, Germany) Field Emission SEM. A photograph of a contaminated denture surface was used as a reference.
Statistical analysis
Statistical analysis was performed using SPSS software (SPSS 15; SPSS, Inc., Chicago, IL, USA). Differences among the cleaning agents were evaluated by one-way ANOVA and post hoc Tukey's test. A P ≤ 0.05 was considered statistically significant.
RESULTS
The C. albicans biofilm formation values are listed in Table 1 . Among the agents evaluated against C. albicans biofilms, the 1% and 2% sodium hypochlorite solutions had the best cleaning effect on the denture base material; 4% chlorhexidine gluconate had relatively less antifungal efficiency than the 1% and 2% sodium hypochlorite solutions (P < 0.05).
The number of C. albicans cells varied at different locations on the same specimen, as well as among the differently treated specimens. The structural integrity and developmental characteristics of the C. albicans biofilm in the control (disinfectant free) group are shown in Figure 1 . The surfaces of the colonies consisted of blastospores were heterogeneous in diameter. Active growth, with unipolar and multipolar budding, was observed with generally smooth-walled bodies that were spherical to elongated.
After disinfection with 1% or 2% sodium hypochlorite, no fungal cells were observed on the acrylic resin specimen surfaces by SEM [ Figures 2 and 3] . As shown in Figures 2 and 3 , C. albicans blastospores were rare. The irregular surfaces were probably derived from broken cells. The application of 4% chlorhexidine gluconate revealed a few remaining blastospores and hyphal cells attached to the resin surfaces [ Figure 4 ]. Many damaged and nonviable C. albicans cells remained, adhered to the acrylic resin. The cells appeared uniformly rough because of cell wall wrinkling.
DISCUSSION
C. albicans is one of the most important etiological factors in the pathogenesis of denture stomatitis. [5] This organism has a high propensity to adhere to a variety of surfaces, and its adherence to denture surfaces is thought to be the first step in pathogenesis. [1] Subsequently, this process progresses to colonization and biofilm formation by C. albicans. [1] A typical property of microbial biofilms is their resistance to antimicrobial agents and immune factors, which makes them difficult to treat. In many studies, the resistance of biofilms to antimicrobial agents has been indicated. [8] [9] [10] However, the exact mechanism underlying the resistance of biofilms to antifungals is unclear and it is believed to be multifactorial. The extracellular polysaccharide of the biofilm might inhibit the diffusion of antimicrobial agents, or it may ionically bind drugs as they diffuse through the biofilm, thereby effectively reducing their bioavailability. [9] It is generally accepted that surface roughness is related C. albicans retention. [22] Increased surface roughness may lead to easier microbial attachment and difficult deattachment, even if the prosthesis has been cleaned with antimicrobial agents, [23] likely due to the larger surface area and/or shear forces. [24] In this study, a microbiological assessment was conducted on the roughened surface of the acrylic resin specimens to simulate the tissue-contacting surface of dentures. Thus, the surface roughness of the resin specimens was measured to provide standardized surface characteristics.
Mycological evaluation has frequently been handicapped by a lack of rapid and simple qualitative and quantitative assays for fungal viability. For example, assays that measure the incorporation of radionuclides by fungi require expensive radioisotopes and entail tedious procedures that cannot be used to assess whether individual fungi are alive or dead. On the other hand, despite their established value in assaying the viability of certain individual fungal cells, stains such as acridine orange, Giemsa, or methylene blue are not useful for detecting all fungi, and they cannot be used to quantitatively determine the viability of large numbers of organisms. In addition, these tests are timeconsuming and often subjective, so they may lead to inaccuracies related to observer bias. [25] In this study, C. albicans biofilm formation was assessed by the MTT assay, which is a well-known and useful standardized method for quantifying the viability of cells in a biofilm. In the presence of live cells, the yellow-colored salt MTT is converted through dehydrogenase activity to the purple-colored dye MTT formazan, which can be quantified easily using a spectrophotometer. [26] To prevent biofilm formation and provide mechanical disinfection, chemical disinfection has been recommended. Among the many available methods, the immersion of dentures in a sodium hypochlorite solution has been shown to be effective for reducing C. albicans in patients with dentureinduced stomatitis. [27] In fact, our MTT analysis showed that among the agents evaluated against C. albicans biofilms, the sodium hypochlorite solutions had the best cleaning effect on the denture base material. Immersion of the specimens for 10 min in 1% sodium hypochlorite and for 5 min in 2% sodium hypochlorite did not produce significantly different results (P > 0.05). In agreement with our findings, Chau et al. [28] observed that, besides the superficial disinfection of acrylic resin, 10 min of treatment with 1% sodium hypochlorite was effective at eliminating microorganisms from the inner surface of the material. In this study, the greater efficiency of the sodium hypochlorite solutions at removing Candida species was verified by SEM. Examination by SEM allowed us to directly visualize Candida biofilm formation. The increased magnification and resolution associated with SEM allows detailed examination of biofilms, which consist of a mixture of yeast and filamentous forms embedded within irregularities. Due to the antimicrobial effect of hypochlorite, no biofilm-forming cells were found in any of the resin specimens after disinfection with the sodium hypochlorite solutions.
In contrast to sodium hypochlorite, 4% chlorhexidine treatment removed biofilm-forming cells while leaving a few viable cells [ Table 1 and Figure 4 ]. It is important to mention that some of these nonviable C. albicans cells remained adhered to the acrylic resin surface after the application of chlorhexidine gluconate, and the cells exhibited morphological alterations similar to invaginations. The quantification of living and dead cells by MTT assays demonstrated that 4% chlorhexidine gluconate was effective at preventing C. albicans biofilm formation; however, its efficiency was lower than that of the sodium hypochlorite solutions. In agreement with the present results, de Silva et al. [29] stated that sodium hypochlorite solutions are the first choice as denture cleansers compared with 4% chlorhexidine because they not only killed C. albicans biofilms but also removed them from a heat-polymerized acrylic resin.
The differential efficiency of chlorhexidine and the sodium hypochlorite solutions could be related to their different mechanisms of action. The efficiency of sodium hypochlorite depends on the concentration of undissociated hypochlorous acid in solution. Hypochlorous acid exerts its germicidal effect via an oxidative effect on sulfydryl groups of bacterial enzymes. As essential enzymes are inhibited, important metabolic reactions are disrupted, killing the bacterial cells. [30] In addition, the higher fungicidal effect of sodium hypochlorite was found to be related to its alkaline pH (>11), which might lead to increased electrostatic repulsion between fungal cells and the material surface to dissolve biofilm cells. [31] The antibacterial mode of action of chlorhexidine is explained as follows. Bacterial cells are characteristically negatively charged; thus, the cationic chlorhexidine molecule is attracted to bacterial cell surfaces. This alters the integrity of the bacterial cell membrane. Chlorhexidine is attracted toward the inner cell membrane and binds to phospholipids in the inner membrane, leading to increased permeability of the inner membrane and leakage of low-molecular-weight components. At low concentrations, this effect is bacteriostatic and reversible. At higher concentrations, chlorhexidine has a bactericidal effect due to the precipitation and/or coagulation of the cytoplasm, probably caused by protein cross-linking. [19] By SEM, Bobichon et al. [27] showed that treating C. albicans biofilms with 0.12% chlorhexidine gluconate induced morphological alterations in fungal cell walls. In agreement with these findings, we observed morphological changes in cell wall morphology following treatment with 4% chlorhexidine gluconate.
